Abstract. Tungsten was selected as material for the divertor plates of fusion reactors and is therefore the object of investigations to check the status of different nuclear data libraries for fusion applications. A benchmark was performed by irradiating a W block with 14-MeV neutrons and measuring the induced neutron and photon flux spectra inside the block at four positions. Spectra measured are compared with spectra calculated on the basis of the European Fusion File EFF-2.4, the Fusion Evaluated Nuclear Data Libraries FENDL-1 and FENDL-2 using the Monte Carlo code MCNP-4C. Experiment and calculation are compared in detail and also in C/E-ratios (calculation/experiment) of significant fluence integrals.
INTRODUCTION
Benchmark experiments are useful tools to test evaluated nuclear data files in full complexity over wide energy ranges. Discrepancies between measured and calculated responses can be discussed in terms of a faulty database; supposedly the experiment is precise described by the Monte Carlo simulation. Tungsten is a preferred structural material in fusion devices because of its excellent thermal properties and reduced material activation characteristic. A benchmark experiment for Tungsten was carried out in collaboration with ENEA Frascati, FZ Karlsruhe, and TU Dresden to test the reliability of evaluated nuclear data files. A thick W block was irradiated with 14-MeV neutrons at the Frascati Neutron Generator (FNG). Several responses were measured inside the block by the involved groups. TU Dresden has measured the induced neutron and photon flux spectra. The calculation of spectra was performed by FZ Karlsruhe using the European Fusion File EFF-2.4 and the Fusion Evaluated Nuclear Data Libraries FENDL-1 and FENDL-2. The benchmark is part of the European Fusion Technology Programme.
EXPERIMENT AND CALCULATION
A W block with front area of 47 cm x 47 cm and 49 cm in length was irradiated with 14-MeV neutrons. The neutron source was located in front of the block at a distance of 5.3 cm. The block with density of 18.1 g/cm 3 consists of W alloy with 95 wt-% W, 1.6 wt-% Fe, and 3.4 wt-% Ni in the central part and with slightly reduced W content (93.2 wt-%), 2.6 wt-% Fe and 4.2% Ni otherwise. The neutron and photon flux spectra induced by 14-MeV neutrons were measured in four experimental channels centrally inside the block at distances-z of 5, 15, 25, and 35 cm from the front area. The horizontal channels run parallel to the front side. Channels currently not used were completely filled with a W plug. An open experimental channel has a quadratic cross section (5 x 5 cm 2 ) and a length of 25.5 cm. The scintillation detector placed in this channel is composed of a NE-213 liquid scintillator with 3.8 cm diameter and 3.8 cm length and a light guide (3.8 cm diameter, 50 cm length) from Pyrex glass, coupling the scintillator to the photomultiplier standing outside the W assembly. The scintillator and light guide are encapsulated in a thin aluminum tube of 5 cm outer diameter. NE-213 has a density of 0.874 g/cm 3 and consists of 54.8 at-% H and 45.2 at-% C. The detector is characterized by high light output of isotropic emission likewise for neutron and photon interactions, and the different particles can be distinguished by pulse shape selection. The experiment was started with the detector placed in position P1 (z = 5cm) followed by runs in measuring positions P2, P3, and P4 to minimize material activation and with it the γ background in measuring positions later used. The source strength of the 14-MeV neutron generator was adapted on the experimental channel position for detector pulse rates < 3 Kc, to realise dead time corrections smaller than 5%. Following this procedure the beam current of the neutron generator was changed by two orders of magnitude between P1 and P4.
The detector system allows the simultaneous measurement both of proton recoil and Compton pulse height spectra. Absolute scaled response matrices for unfolding the spectra have been carefully estimated before in cooperation with the Physikalisch Technische Bundesanstalt Braunschweig (PTB). This work was done experimentally with monoenergetic neutron and γ sources and by calculations using adequate Monte Carlo codes. The TUD spectrometer is described in more detail elsewhere [1] . The unfolding of the measured pulse-height spectra in flux spectra was done with the DIFBAS code [2] . These were obtained as absolute fluxes. The calculation of flux spectra was performed with the Monte Carlo code MCNP-4C [3] using a full 3D geometry model of the assembly with its environ, supports and platform, neutron generator and the experimental hall. Calculations are based on evaluated nuclear data libraries, the European Fusion File EFF-2.4 [4] , and the Fusion Evaluated Nuclear Data Libraries FENDL-1 [5] and FENDL/MC-2.0 [6] . Flux spectra were calculated as an average flux in the scintillator volume by means of the track length estimator.
ANALYSIS AND RESULTS
The measured and calculated neutron flux spectra are compared in Figs. 1a and 1b in detail. See also Table 1 for the quantitative discussion of significant fluence integrals. All flux spectra are similarly shaped. Between 1 and 6 MeV the flux decreases by two orders of magnitude whereby the slope follows (E/MeV) -2.4 except P1 with an exponent of 2. A flat region is annexed between 6 and 12 MeV. From there the flux is steeply ascending by two orders of magnitude to the 14-MeV peak. The low-energy side of the 14-MeV peak contains unresolved contributions from inelastic scattering of 14-MeV neutrons. Between two measuring positions the spectral flux is generally reduced by a factor of 10. With increasing depth the slope of the low-energy spectral part from 1 to 6 MeV decreases moderately, the flat region is slightly filled up, and the relative portion of the 14-MeV peak in the flux spectrum decreases. The calculated flux follows the tendencies better with FENDL data than with EFF-2.4. There is a nonphysical step at 6 MeV leading to a broad peak structure at 7 MeV in all flux calculations done with EFF-2.4 data. It is evident that this peak structure is not supported by the differential measurements. The measured flux in the flat region is lower as calculated for P1 and P2, is well described for position P3 and larger for P4. The integrated neutron flux spectra are compared by C/E (calculation/experiment) ratios in Table 1 . The experimental errors include those of the measured flux spectra, the background subtraction and the neutron source monitoring. The uncertainties of the calculated values including the statistical uncertainty of the MCNP calculation only. At the With increasing penetration depth the C/E ratio falls permanently reaching values of about 0.8. Fluence integrals for E>12.5 MeV are systematically underestimated for all positions P1-P4 using the FENDL-2 data. In contrast, the calculations with EFF-2.4 and FENDL-1 data reach C/E-ratios around 1. That points to an unrealistic large (n,2n) cross section in FENDL-2 data for Tungsten. This presumption is also supported by discrepancies between the measured and calculated photon flux spectra. The neutron flux above 12.5 MeV is most sensitive to the (n,2n) cross section by a negative correlation [7] . The photon flux spectra are shown in Fig. 2 . Measured γ-ray-fluence integrals and C/E ratios are given in Table 2 . The continuous part of the spectral flux decreases exponentially with photon energy. Two different ranges can be distinguished, one range from 0.3 to 2 MeV with a lower exponent followed by a range up to 9 MeV with a larger exponent. The continuous parts are superposed by discrete lines. The striking line structure above 5 MeV is caused by γ-ray production from the capture of thermal neutrons on W (Fe and Ni). In calculations using FENDL-data this structure is also found. The strong overestimation with FENDL-2 refers either to incorrect (n,γ) data for neutron-induced photon production or is caused by overestimation of the thermal neutron flux resulting from calculations with unrealistically large (n,2n) cross sections as supposed before in analysing the neutron fluence integrals. Calculations with EFF-2.4 data do not allow any adequate description of the measured photon flux spectra. The total γ-ray fluence with E > 0.4 MeV is described with deviations < 20% by FENDL-2 data. FENDL-2 data show the best overall agreement with the measured spectra.
CONCLUSIONS
The fast neutron flux in a W benchmark assembly irradiated with 14-MeV neutrons can be reproduced between 1 and 15 MeV within 20% by MCNP calculations using EFF-2.4, FENDL-1, or FENDL-2 data up to a penetration depth of 35 cm. EFF-2.4 data do not allow any adequate description of the measured γ-ray flux spectra. The total photon fluence above 0.4 MeV is reproduced within 20 % by FENDL data. A overly high (n,2n) cross section is indicated for FENDL-2 data by analysis of the neutron and photon flux spectra.
